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Abstract: Signalling layout design is one of the keys to railway operations with fixed-block 
signalling system and it also carries direct effect on overall train efficiency and safety. Based 
on an analysis to system objectives, this paper presents an optimization model with two 
objectives in order to devise an efficient signalling layout scheme. Taking into account the 
present railway line design practices in China, the paper describes steps of the 
computer-based signalling layout optimisation with real-coded genetic algorithms. A 
computer-aided system, based on train movement simulator, has also been employed to assist 
the optimisation process. A case study on a practical railway line has been conducted to make 
comparisons between the proposed GA-based approach and the current practices. The results 
illustrate the improved performance of the proposed approach in reducing signal block joints 
and shortening minimum train service headway.  
 
1. Introduction 
Technical reforms on Chinese railways have led to tremendous achievements during last 
two decades. The signalling block mileage has been increased to above 20,000km, which 
accounts for more than 30﹪ of the total operating mileage in China. Signalling layout is 
essential for the signalling system design and system service performance. It is to find out the 
number of signals required on a line and their exact positions. A safe, efficient and economic 
layout scheme must take full consideration of the conditions of the lines. Signalling layout 
design is a complicated and time-consuming process. Traditional methods, usually through 
certain manual procedures, can only achieve feasible, but not necessarily optimised, 
outcomes.  
There have been quite substantial amount of studies on various aspects of signalling and 
their effects on train operation while studies on optimising signalling layout is still inadequate. 
Gill and Goodman (1992) proposed a heuristic gradient-search algorithm to solve signalling 
layout problem. Chang (1998, 1999) applied Genetic Algorithms (GA) and Differential 
Evolution (DE）techniques on the basis of Gill’s study. Ding (1990) presented a manual 
procedure to determine the signalling layout on railway sections by train speed-time profiles. 
The drawbacks or limitations of the previous studies and practices are summarised as below: 
(1) Most studies on signalling layout are based on computer simulations. Modelling within 
the simulators must be sufficiently comprehensive to ensure reasonable accuracy. 
(2) Existing studies are mainly experience-based. A quantitative analysis is necessary to 
provide repeatable and hence more reliable and accountable solution.  
(3) An application-oriented software system is still to be developed to assist signalling 
engineers to achieve a signalling layout efficiently.  
Based on the detailed analysis of various factors on signalling layout (Mao et al, 1999), 
optimisation models for signalling layout under two different objectives are proposed in the 
paper. A genetic-algorithm approach has been used in the optimisation process. A software 
system, based on a train movement simulator (Ho et al; 1998; Mao et al, 2000), has also been 
developed to assist signalling engineers to conduct signalling layout optimisation. 
 
2 Problem Formulation 
2.1 Objectives 
Signalling layout is a complicated problem with multiple objectives and constraints. The 
main objectives include safety, high efficiency and low cost. Safety is of foremost importance 
to all railway operations and services. A signalling system needs to be able to prevent rear-end 
collisions, therefore train braking distance ought to be restricted within a block length. For 
any railway system, the signalling system is designed to achieve a certain line capacity. 
Therefore, an efficient train operation with smaller headway becomes the important target for 
railway signalling layout process. Installation of signalling system with respect to a particular 
layout requires substantial investment and any faults in signalling design will possibly cause 
disruption to train services.  
2.2 Factors 
Some important factors on signalling layout are discussed as below. 
z Train emergency braking distance. To ensure train’s operational safety, trains have to be 
able to stop reasonably ahead of the signal post displaying Red, i.e. trains may not overrun at 
any stop signal posts.  
z Signalling pattern. Number of signalling aspect determines the number of minimum 
signal blocks and intervals (i.e. headway) between two continuous trains, and the length of 
block sections required by train braking.  
z Track circuit length. Track circuit length is determined by block length. Therefore, block 
length should be better restricted within the maximum length of a track circuit unit. 
z Train type. Mixed traffic volume on intercity long-distance railways is an important 
factor that increases complexity of signalling layout problem. An efficient signalling layout 
algorithm needs to be able to reflect the requirement of various train movements. For example, 
comfort, punctuality and rapidity is indispensable for passenger train, but rapidity is not 
always important for some freight trains. In urban railway system, signalling layout algorithm 
may be simplified due to trains’ similarity.  
z Track geometry. Selection of signal posts should be able to avoid locations where trains 
may find difficulties in operation. For example, starting at ascending grade and stopping at 
descending grade may be avoided as far as possible. It may not be appropriate to install 
signalling equipment at certain locations, such as bridges, tunnels or tight curvatures where 
sighting distance for drivers is not adequate.  
 
3 Optimization 
3.1 Definition of variables 
The objective of signalling layout design is to find out the exact number ( ) of signal 
posts required on the line with certain carrying capacity and to determine their exact positions 
xi (i=1,2,…, ). Suppose the position of departure signal post at one station is x0 , the 
position of arrival signal post of the next station is xNsignal+1 , and the number of block sections 
is Nsection , then the block length is given by eqn. (1). 
signalN
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Fig. 1 shows the definition of the above variables. 
 
Insert fig.1 here 
 
In Fig.1, the first signal post is generally called departure signal which controls the train 
departure at station A. The last signal post at the approach of station B xN is the arrival signal 
that indicates the train entrance into station B. The other signal posts are the inter-section 
signals.  
3.2 Objective functions 
In determining the signal post locations, two important objectives are considered and given 
below. Two procedures have thus been formulated to achieve the optimal scheme with the 
objectives. 
(1) Efficiency: Minimum train headway has been thought to be the indicator for efficiency 
evaluation. Its objective function is give by  
Minimize max(I1,I2, …Ii ,…,Ik)                     (2) 
where Ii represents the train headway(m). For example, for a 3-aspect fixed-block signalling 
system, the minimum spacing between two proximate trains, in general, is at least three block 
lengths. In this case, the headway is given by 
v
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where 0.06 is a coefficient transferring km/h to m/min,  is the train length(m) and v is 
the train travelling speed(km/h). k in equ.(2) takes the value of Nsection-2 for a 3-aspect 
fixed-block signalling system. 
trainl
(2) Cost: In this case, the minimum number of signal posts has been taken as the indicator 
of a cost-effective signal distribution scheme. The objective function here is given by 
Minimize                                                    (4) signalN
3.3 Constraints 
The optimisation models are then established for above objective functions with constraints 
as below,  
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In addition, eqn. (9) needs to be satisfied to accomplish eqn. (4). 
H≤iI                                            (9) 
In eqn. (5), lmin is the minimum block length stipulated in the ‘China Railway Regulations’ 
or imposed by the civil engineers according to the field conditions; and lcircuit  is the 
maximum length of track circuit. In eqn. (6),  represents the maximum braking 
distance when a train starts to be braked at xi-1 from a higher speed to its adjacent lower speed, 
)max( 1−ixbS
e.g. the set of reference speeds grade are {v2, v1, 0} for a 4-aspect system. la is the sighting 
distance for drivers, 50 metres for present practice in China (Zhao,1997). In eqn. (7), lsection is 
the section length between the departure signal post of one station and the arrival signal post 
of next coming station. Nsignal, the range of signal numbers, is specified in Eqn. (8). Besides 
the above constraints, there are still many other factors acting on signal distribution, though 
they are difficult to be described quantitatively in the model.  
 
4 GA-based algorithm for signalling layout 
Genetic Algorithm (GA) is a robust search method based on the mechanism of natural 
selection and natural genetics. The main steps include reproduction, mutation, competition, 
and selection. Chang has employed GA to optimise mass transit signalling block-layout 
design and GA is proven to be a practical solution for the problem of layout design. Taking 
into account the present railway line design practices in China, the real-code GA has been 
adopted to optimise the signalling layout of inter-city mainland railway systems. 
4.1 Basic procedure 
 (1) Coding 
Chromosomes with the length of Nsignal represent a set of layout schemes (x1,x2,…,xNsignal). 
A single gene may describe the specific position of a block joint. Coding xi in form of real 
numbers can avoid genes transferring from genotypes to phenotypes. Since the lengths of 
different block sections are not the same, the total number of signal posts in a railway section 
may vary. The possible range of the number of signal posts has been described by equ.(8). 
 (2) Initial population 
  The quality of the initial population directly influences the efficiency the GA. Fig.2 gives 
an algorithm to attain higher-quality chromosomes in the initial population and enable faster 
convergence.  
 
Insert Fig. 2 here.  
 
The algorithm firstly produces Nsignal  randomly within the range restricted by eqn. (8), then 
is produced by dividing the station-to-station distance into equal-length 
sections, followed by selecting xi randomly between the range of [xi-range, xi+range].  
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 (3) Fitness functions 
The fitness functions are the indicators to the GA convergence toward the optimum solution. 
Chromosomes with higher fitness have more chance to survive and reproduce new generation. 
As a result, fitness functions must be able to reflect that the chromosomes (schemes) with 
better fulfilment of the objectives attain better fitness.  
The fitness function of efficiency objective is given by  
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α and β are penalty factors. By analyzing a number of results of trial calculations, it is 
found that the range of α and β are between 20 and 50, and 0.7 and 0.9 respectively. Equ.(11) 
demonstrates that when a block section length cannot satisfy the braking distance, the fitness 
would be diminished by multiplying one penalty factor. In equ.(12), the more genes (signals) 
a chromosome (a scheme) contains, the shorter a block length is, then the scheme can achieve 
shorter train headway and the chromosome achieves higher fitness. Equ.(13) indicates if any 
layout includes one longer block than that given range (eqn.(5)), the fitness of the 
corresponding chromosome is reduced. Nbeyond means the number of block lengths exceeding 
the range given by eqn.(5). 
The fitness function for cost consideration is given by  
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The ranges of λ and μ (penalty factors) are restricted between 20 and 50, and 0.7 and 0.9 
respectively which resulted from a number of trial calculations. Equ.(15) indicates if eqn.(9) 
cannot be satisfied, the fitness of this chromosome is reduced. Equ.(16) is to minimise the 
number of signals. 
It is apparent from the definition of fitness function that a chromosome should be arranged 
in ascending order to enable proper calculation. It requires special arrangement of the new 
generation of chromosomes as below as soon as they are produced. 
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(4) Selecting, Crossover and Mutation operators 
Two chromosomes with the highest fitness and the same length enjoy higher priority in 
conducting crossover. Roulette wheel selection is adopted in this study for the crossover. 
Since chromosomes are coded by real numbers and crossover employs discrete recombination 
method, the candidate chromosomes may choose their father individuals randomly with equal 
probability. Mutation is given by equ.(15) 
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where ∑=
=
=Δ
20
0 2
)(m
i
i
ia . a(i) can acquire 1 or 0 with the probability of 1/m and 1-1/m. L is the 
range for variables , from 100 to 200. x ’ is the variable value before mutating, and x is the 
variable value after mutating.  
 
4.2 GA-based flow for layout design 
Based on the above analyses and the principles of GA, Fig.4 shows the GA-based flow for 
signalling layout design. 
 
Insert Fig.3 here.  
 
 
4.3 Computer-aided system for signalling layout design 
Based on the simulator developed by Ho et al (1998), a computer-aided system for 
signalling layout has been established with above-mentioned algorithms. Fig.4 illustrates the 
structure of the systems. 
 
Insert Fig.4 here. 
 
The signalling layout system makes use of the data on speed-distance curves, braking 
distances and travel times provided by train movement simulator to generate a layout scheme 
under a certain objective. This layout scheme can then be input to the train movement 
simulation system to simulate multi-train tracking movement (To be honest, I don’t quite 
understand why a multi-train simulator is needed here, can a single-train simulator do the 
same job?). The aim is to evaluate the chromosomes in a new generation. Train speed, braking 
distance and travel time can be used as variables in the optimisation of signalling layout.  
 
5. Case Study 
5.1 GA-based results 
A test track starting with station A and ending at Station B is set up for case study. The 
signalling blocks are to be laid out along the section that spans 13.25km. SS1 locomotive is 
chosen for haulage and its maximum speed is 95km/h, with haul tonnage of 4000t and length 
of 820m. A 3-aspect signalling system is assumed and the set of reference speeds grade are 
{90,0}. GA is based on crossover probability (pc) of 0.8, mutation probability (pm) of 0.05 and 
initial population size of 30 in this case. For the efficiency objective, the maximum number of 
runs is 200. For the cost objective, the maximum number of runs is 150. Fig.5 shows the 
curves of the population’s average and maximum fitness under the two objectives. 
 
 
Insert Fig.5 here. 
 
 
Fig. 5 shows that the average fitness and maximum fitness are continuously rising with 
generations. The average fitness and maximum fitness increase steadily and the GA achieves 
faster convergence due to the adoption of the higher-quality initial populations. When GA 
runs towards generations of 200 and 150, the population’s average and maximum fitness 
gradually become steady under the two objectives. The results obtained in the last generations 
can be used as the final layout scheme. 
Table 1 gives the results produced by the signalling layout system. From the efficiency 
objective, No.0 and No.10 are departure and arrival signals respectively. With the cost 
objective, No.0 and No.8 are departure and arrival signal posts respectively.  
 
 
Insert Table 1 here. 
 
 
The efficiency requirement suggests 9 signal posts are needed between A and B stations. 
GA shortens the minimum headway as far as possible while satisfying the necessary 
constraints, and thus gets max(I1,…,Ik) of only 4.4 min. Under the cost objective, 7 signal 
posts have been recommended. GA stretches the block length as long as possible while 
satisfying max(I1,…,Ik)≤H (H=6 min) and also other constraints. The max(I1,…,Ik) of only 
5.1min is achieved. All signal block lengths produced by GA under above both objectives are 
between the minimum train braking distance and maximum length by track circuit devices. 
Fig. 6 describes the distribution of above two signalling layout schemes. 
 
Insert Fig. 6 here. 
 
 
5.2 Results based on manual procedures  
Ding (1990) has presented a manual procedure to determine the signalling layout based 
on train speed-time curve with given headway. This method has widely used in practice in 
China. Fig. 7 shows the manual procedure. 
 
Insert Fig.7 here. 
 
No.1 is the departure signal post while a 3-aspect system is assumed. The layout procedure 
is as follows.  
The point A can be found at the position where trains run ahead for 6 minutes from the 
departure signal post. The signal 2 is then fixed at the point with back off half of train length 
from point A. The point B is assigned to the point where trains step back half of train length 
from the signal 2. The signal 3 may be fixed at the point where trains run ahead for 6 minutes 
from the point B. The signal 4 and 5 are laid out with the equal time interval between signal 2 
and 3. Then, point D may be found at the point of half train length ahead of post 5. Point E is 
assigned to the point of 6 min train travel time back from D. Signal post 6 is then fixed at the 
point half train length ahead of E. According to the above procedure, other signal posts ahead 
of post 3 can be found with similar process. (I don’t quite get exactly what this paragraph is 
trying to say, so I do not change anything in English). 
Table 2 shows the results produced by manual procedure under the same conditions as in 
the GA-based case. The headway of 5.5min is assumed. 7 intermediate signal posts have been 
suggested and the max(I1,…,Ik) of 5.4min is achieved.  
 
 
Insert Table 2 here. 
 
 
The above results present that the efficiency objective can achieve higher line capacity 
while ensuring safe movement of successive trains. Therefore, it is more suitable for 
signalling system design on high-density railway lines. Both the cost objective and the manula 
procedures lead to a layout of 7 inter-station signal posts, but max(I1,…,Ik) of 5.1min is 
achieved under the cost objective, compared with 5.4min under manual procedure. 
 
6 Conclusions 
This paper attempts to seek for the optimal signalling layout by applying genetic algorithm, 
with detailed analysis on practical objectives and factors on signalling layout. A GA-aided 
signalling layout system based on train-movement simulation has been implemented. The 
conclusions of the paper are as below. 
(1) Two optimization procedures for signalling layout are carried out according to practices 
in railway construction in automatic block sections. The case study indicates that efficiency 
objective can achieve relatively smaller headway, hence increase the line capacity.  Cost 
objective has reduced the number of block joints and also train headway. 
(2) The case study demonstrates the applicability of the algorithm in the optimisation of 
signalling layout. Based on the system developed above, it is relatively easy to combine some 
other optimisation objectives and to satisfy various constraints through changing the fitness 
function of algorithm.  
(3) A system with a friendly user’s interface has been developed to automatically adjust the 
signal post layout scheme. Applications of the system by the Fourth Survey and Design 
Institute of China Railway have demonstrated significant improvements in quality and 
efficiency in practical railway signalling layout design.  
 
 
  
 
Fig.1. Definition of signal posts 
 
 
 
Fig.2. Algorithm to attain initial population  (Range=100～200) 
 
 
 
Fig.3. GA-based flow diagram for signal layout design 
 
  
 
 
Fig.4.The structure of the signal optimisation system 
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    Fig.5. Population’s fitness curves by GA 
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Fig.6. The outcome schemes by signalling optimisation system 
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Fig.7. Signalling layout based on manual procedure 
 
 
Table 1  Calculation results by GA 
Efficiency objective Cost objective 
No 
position(km) Section length (m) type Position (km) Section length(m) type 
0 273.408 1229 D. 273.408 1471 D. 
1 274.637 1228 P. 274.879 1530 P. 
2 275.865 1251 P. 276.409 1558 P. 
3 277.215 1230 P. 278.066 1590 P. 
4 278.445 1271 P. 279.656 1595 P. 
5 279.716 1252 P. 281.251 1588 P. 
6 280.968 1236 P. 282.839 1553 P. 
7 282.204 1212 P. 284.392 1475 P. 
8 283.416 1202 P. 285.867  A. 
9 284.618 1249 P.    
10 285.867  A.    
 
Table 2  Results by manual procedure 
Manual procedure  
num 
position(km) Section length (m) type 
0 273.408 1430 D. 
1 274.838 1462 P. 
2 276.300 1598 P. 
3 278.010 1600 P. 
4 279.610 1598 P. 
5 281.208 1598 P. 
6 282.806 1574 P. 
7 284.380 1587 P. 
8 285.867  A. 
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